Molecular dynamics simulation and biophysical analysis were employed to reveal the characteristics and the influence of ionic liquids (ILs) on the structural properties of DNA. Both computational and experimental evidence indicate that DNA retains its native B-conformation in ILs. Simulation data show that the hydration shells around the DNA phosphate group were the main criteria for DNA stabilization in this ionic media. Stronger hydration shells reduce the binding ability of ILs' cations to the DNA phosphate group, thus destabilizing the DNA. The simulation results also indicated that the DNA structure maintains its duplex conformation when solvated by ILs at different temperatures up to 373.15 K. The result further suggests that the thermal stability of DNA at high temperatures is related to the solvent thermodynamics, especially entropy and enthalpy of water. All the molecular simulation results were consistent with the experimental findings. The understanding of the properties of IL-DNA could be used as a basis for future development of specific ILs for nucleic acid technology. 253 60 4382; Tel: +351 253 60 4370 † Electronic supplementary information (ESI) available: Details of force field parameterization and validation of [C 2 bim]Br, [C 4 bim]Br and [C 6 bim]Br. Fig. S1 illustrates DNA structure in different simulation systems. Fig. S2 shows the root mean square fluctuations (RMSFs) of DNA bases in neat and hydrated [C 4 bim]Br. Table S1 gives the number of [C 4 bim]Br and water molecules around the DNA surface. Table S2 lists calculated interaction energies between different parts in the simulation systems. Table S3 lists the number of inter-hydrogen bonds between [C 4 bim]Br and DNA bases. See
Introduction
DNA is generally more stable than RNA in common conditions. The hydroxyl groups in RNA make RNA less stable because it is more prone to hydrolysis. However, there are many factors that affect the stability and conformation of nucleic acids, especially DNA. Slow hydrolytic reactions such as deamination and depurination can damage the double-helix of DNA. 1 Physical factors such as ionic strength, pH, temperature and solvent can disturb the helical structure and cause denaturation. 2, 3 Additionally, traditional extractions using chloroform/phenol 4 can also cause denaturation of DNA during the extraction process. More importantly, the contamination of extracted DNA by organic solvents is unavoidable and creates vital problems for the biological investigations as the traditional organic solvents are known to be toxic to bioprocesses. 5, 6 Although DNA is considered to be stable in an aqueous solution, a few studies have reported on the stability of DNA in various nonaqueous and mixed solvents, revealing that DNA is not stable and loses its native B-helical structure when dissolved in formamide, methanol or dimethyl sulfoxide. 7, 8 Duplex DNA in aqueous solution was found to be unstable when stored for several months 9 and the stability of DNA is also affected by temperature. 10 The dry storage of nucleic acids, which utilizes the basic concept of anhydrobiosis is an alternative to the old-style cold-storage DNA. 11 Therefore, the development of new non-aqueous media that can stabilize and maintain DNA for a long period, especially at room temperature, is increasing.
During the last decade, ILs have proven to be the preferred solvents to replace the traditional organic solvents and aqueous solution in many types of reactions. ILs contain a mixture of cations and anions, and can be ecologically green solvents due to their physico-chemical properties such as low vapour pressure, non-flammability, high chemical and thermal stability, low toxicity, high ionic conductivity, controllable hydrophobicity and hydrophilicity. 12, 13 Based on their properties, ILs have been used in reactions such as organic synthesis, [14] [15] [16] [17] electrochemistry, 18, 19 extraction/separation, [20] [21] [22] [23] material preparation [24] [25] [26] [27] [28] and many more. In the past few years, a number of publications have reported the use of ILs in life sciences involving the separation and extraction of nucleic acids, especially DNA. [29] [30] [31] [32] [33] DNA in ILs was reported for the first time by Qin and Li. 29 An ionic liquid-coated capillary was designed specifically for DNA separation based on electrostatic interactions between DNA strands and alkylimidazolium-based ILs. Similar studies also reported the use of ILs in designing ion conductive DNA films. 30 Both earlier studies indicate that DNA can be separated by ILs, using electrochemistry methods. Later studies explored the extraction of trace amounts of double-stranded DNA by using ILs from an aqueous solution. 31 The interaction of the P-O bonds of phosphate groups in the DNA strands was confirmed by 31 P NMR and Fourier transform-infrared spectroscopy (FT-IR). The authors 31 also identified that proteins and metal species do not interfere with the extraction process. This finding provides an alternate approach for the measurement of DNA in ILs as well as for the separation/purification of trace amounts of DNA in real-world biological matrices. Meanwhile, MacFarlene et al. 9 used spectroscopy to study the stability of DNA in hydrated ILs. They demonstrated that the structural and chemical stability of DNA are preserved for up to a year in a series of hydrated choline-based ILs. The binding characteristics and the molecular mechanism of the interaction between a typical IL, 1-butyl-3methylimidazolium chloride ([bmim][Cl]) and DNA were systematically investigated by Ding et al. 33 Although their work provides useful information about the interaction between ILs and DNA, the molecular mechanism of the interaction is still not clear. Furthermore, the computational approach does not detail the solvation interaction, stability and flexibility of DNA.
Until now, the properties of DNA in ILs have not been studied well from a theoretical point of view. Thus far, only two research groups have successfully performed the MD simulation of DNA in ILs. Our previous work shows the important role of cations, anions and the hydrogen-bonding interactions of the cations with the DNA bases in the stability of Drew-Dickerson B-DNA in various neat ILs. 34 Later, Chandran et al. 35 employed MD simulations with the support of spectroscopic experiments to unravel the key factors that stabilize DNA in a different hydrated ionic liquid [C 4 mim]Cl. In comparison, there was a slight difference in terms of stability of calf thymus DNA in [C 4 mim]Cl and in our [C n bim]Br ILs. Increasing the alkyl chain length of the cation helps to increase the stability of DNA. As reported, the RMSD value of calf thymus DNA in 80% (w/w) [C 4 mim]Cl is slightly higher (0.153 nm) 35 than that in 75% [C 4 bim]Br (RMSD of 0.143 nm) obtained from our present work. This reveals that the alkyl chain length of the cation of ILs also plays a small role in DNA stability. Although their work revealed about the mechanism of DNA solvation and stabilization by ILs, the effect of temperature on the stability of duplex DNA in ILs is still unknown. Therefore, in this study the combination of MD simulations and spectroscopy was employed to expose the behaviour of DNA in ILs with particular focus on the effect of water content and temperature on the stability and dynamics of DNA.
Theoretical and experimental section

Simulation details
The structure of calf-thymus DNA (Ct-DNA) was obtained from a RCSB Protein Data Bank (RCSB PDB) with a PDB ID 425D. 36 The Ct-DNA was chosen due to recent experimental evidence about the behaviour of this DNA in ILs. 33, 37 To build the initial structure, a cubic box was used and the size of the box was calculated based on a cut-off of 1.2 nm. The DNA was placed in the center of a 6.7 Â 6.7 Â 6.7 nm box and solvated in three different neat ILs [C 2 bim]Br, [C 4 bim]Br and [C 6 bim]Br. In the control simulation, DNA was simulated in an aqueous system using the TIP4P model of water.
Since the activity of water plays an important role in the stabilization of DNA, the effect of water in hydrated ILs was also studied. Only one IL [C 4 bim]Br was selected as a model for this purpose. Subsequently, three additional simulations were performed by varying the ratio of IL : water. The number of molecules required in a given simulation box was calculated based on the percentage weight of IL over weight of water (% w/w). For the DNA in IL : water systems, the equilibrated DNA structure with a layer of surrounding water molecules within 0.35 nm from the DNA surface taken from the trajectory of a MD simulation in water was placed in a simulation box. The box was then filled with the requisite number of IL pairs and water molecules to reach the desired IL concentrations. Further details of the systems are listed in Table 1 . In the aqueous system, the concentration of solution was set to 100 mM by replacing a selected water molecule by sodium and chloride ions. The OPLS force field and TIP4P water model were adopted to represent the interaction potentials of DNA and water, respectively. The ILs were modeled using a similar parameterization approach previously used. 38 Details of the parameterization and validation of ILs are described in the ESI. †
The parameters used in MD simulation are as follows. The integration step of 2 fs was used. The non-bonded interactions were calculated up to 1.2 nm and the long-range electrostatic interactions were treated using Particle-Mesh Ewald (PME) 39, 40 with a grid spacing of 0.12 nm and fourth-order interpolation. Neighbor searching was done up to 1.2 nm and updated every five steps. The bond lengths were constrained using LINCS. 41 Temperature and pressure control were implemented using the Berendsen thermostat and Berendsen barostat, respectively. 42 The reference pressure of 1 atm and a relaxation time of 2.0 ps were applied. The isothermal compressibility for pressure control was set to 4.5 Â 10 À5 bar À1 . Heat was separated in two heat baths with temperature coupling constants of 0.1 ps. A few steps of energy minimization were performed. Each system was energy minimized with 5000 steps of the steepest descent followed by 5000 steps of conjugate gradients. All heavy atoms of DNA were position restrained with a force constant of 10 6 kJ mol À1 nm À2 . The system was further minimized with 5000 steps of the steepest descent with position restraints applied to the DNA main chain atoms with the same force constant as previously mentioned. The main chain atom selection includes all phosphorus and oxygen atoms of the phosphate groups and the connecting atoms of the sugar residues. The system was then energy minimized without applying any position restraints with 5000 steps of the steepest descent followed by 5000 steps of conjugate gradients.
The simulation of DNA in different systems was initialized in the canonical ensemble (NVT) for 500 ps. The position restraints were applied to all heavy atoms with a force constant of 10 6 kJ mol À1 nm À2 . The isobaric-isothermal (NPT) ensemble was then introduced into the system during 100 ps simulation time while the DNA main chains were restrained with the same force constant. For production simulation, the NPT ensemble was introduced. The simulations were performed for 10 ns at various temperatures, 298.15, 323.15, 343.15 and 373.15 K. The system reached equilibrium in the first 6-8 ns due to the slow dynamics that characterize this type of solvent. The trajectory for all analyses was taken from the last 2 ns. Here, all MD simulations were performed using the GROMACS package version 4.5.
The root mean square deviation (RMSD) of DNA was calculated by fitting the simulated duplex DNA against the initial X-ray crystal structure. The radial distribution function (RDF) was determined between the residues' centre-of-mass (RES-COM) of the cation/anion around the DNA phosphate region. The hydrogen bonding interaction was determined between the DNA bases and the polar proton in the imidazole ring. The alkyl chains of cations were not considered to have any hydrogen bonding interactions with the DNA bases. The bromide anion was considered to be a hydrogen-bond-acceptor since it has available electron pairs. The hydrogen bonding interaction between the anion and the DNA base was also calculated. A hydrogen bond is considered to exist in one conformation if the distance between the hydrogen atom and the acceptor is less than 0.35 nm and the angle formed by acceptor-donor-hydrogen is less than 301. The hydrogen bonding interactions were calculated as an average. All pictures shown were created using Pymol. 43 2.2 Experimental details 2.2.1 Materials. 1-Butylimidazole, 1-bromobutane and the fluorescence probe pyrene were purchased from Sigma-Aldrich with high purity (99%). The 1,3-dibutylimidazolium bromide ([C 4 bim]Br) IL was synthesized and purified according to the method published by Wang et al. 44 Calf-thymus DNA (Ct-DNA, B10 kbp, D1501) was purchased from Sigma and used without further treatment since the purity was high as determined by UV-visible spectroscopy. The ratio of the absorbance of the DNA stock solution at wavelengths of 260 nm and 280 nm was found to be 1.9, indicating the absence of protein contamination.
Other chemicals employed in this work were of analytical grade and were used without further purification. Deionized water type III was used (Super Q Millipore system, conductivity lower than 18 ms cm À1 ).
The solution for fluorescence analysis contained 8% (w/w) ethanol for pyrene solubility. Ethanol can stabilize DNA and prevent its denaturation, which could be favoured in the absence of a buffer or supporting electrolyte. 45 The stock solution of DNA was prepared by dissolving Ct-DNA in deionized water and stored at 4 1C with gentle shaking for 24 hours to achieve homogeneity. The DNA concentration was determined by using the extinction coefficient of 6600 M À1 cm À1 at 260 nm and expressed in terms of base molarity. 46 The DNA stock solution was stored in a freezer at À20 1C and used within a month.
2.2.2 Fluorescence emission. The fluorescence emission spectra of DNA-bound pyrene and free pyrene were recorded using a Cary Eclipse Fluorescence Spectrophotometer. The concentration of pyrene in aqueous solution containing 8% ethanol was kept constant at 0.5 mM. Both the excitation and emission wavelengths were set to 335 and 373 nm, respectively. The band slits were fixed at 5.0 nm and the fluorescence spectra were corrected for the background intensities of the solution without DNA. A 1.0 cm light-path quartz cuvette was used. The DNA-bound pyrene was prepared by titrating an aqueous solution of Ct-DNA in the solution of pyrene. The emission intensity of pyrene decreased upon the addition of Ct-DNA and remained constant during saturation, indicating that all the pyrene was bound to DNA. Then, a 0.5 M solution of [C 4 bim]Br was slowly titrated into the solution of DNA-bound pyrene and the emission intensity of free pyrene was measured.
2.2.3 Circular dichroism. The circular dichroism (CD) spectra of Ct-DNA in different percentages of [C 4 bim]Br in water (25, 50 and 75% w/w) were recorded using a Jasco J-815 circular dichroism spectrometer equipped with a Peltier temperature controller (PTC-423s) and a water circulation unit. A rectangular quartz cell of 1.0 cm path length was used. Titrations of [C 4 bim]Br into DNA in aqueous solution were performed with a fixed concentration of Ct-DNA (0.3 mM). The spectra shown are averaged over three scans with a scan speed set to 50 nm min À1 and wavelengths from 320 to 240 nm. The bandwidth was set to 1.0 nm and a standard sensitivity was used. An appropriate blank was subtracted from the respective spectra and the data were subject to noise reduction analysis. Fig. 1 . On average over the last 2 ns, all RMSD values calculated for DNA in each IL were found to be lower than those observed in an aqueous system (average RMSD in neat ILs = 0.143 nm and RMSD in water = 0.290 nm).
Results and discussion
Increasing the carbon chain cations from C 2 to C 6 seems to slightly decrease the RMSD of DNA. This indicates that alkyl chain lengths of cations have a small influence on the stability of B-DNA. For inspection, the structure of duplex DNA solvated in different neat ILs was also taken from final conformations of 10 ns MD simulation trajectories and its conformation was compared with the crystal structure as shown in Fig. 2 . The figure shows that the structures were stable and the sampled configurations were similar to the initial structure. Both findings demonstrate that DNA maintains its B-native structure in neat ILs and corroborate with our previous simulation finding, where we have noted the existence of native DNA conformation in a variety of neat ILs at 298.15 K. 34 Since ILs are well-known to be thermally stable, the simulation of DNA in a neat [C 4 bim]Br IL was also performed at different temperatures. Interestingly, it was observed that the average RMSD of DNA slightly increases with increasing temperature as shown in Fig. 3 , indicating that ILs have the ability to stabilize DNA and maintain its native B-conformation at temperature up to 373.15 K. The MD simulation of DNA in hydrated ILs was also performed. For this purpose, only [C 4 bim]Br was selected as a model in order to further study the structural stability and dynamics of the double helical DNA structure in a mixture of IL and water. The average RMSD of DNA (all heavy atoms) solvated in different percentages of [C 4 bim]Br (25, 50 and 75% w/w) at various temperatures is depicted in Fig. 4 .
At 298.15 K, the average RMSD of DNA in 75% (w/w) [C 4 bim]Br solution was found to be only 0.169 nm. Even in 25% and 50% dilute solutions, the average RMSD of DNA was lower, 0.232 and 0.222 nm respectively. The results imply that increasing percentages of [C 4 bim]Br result in a more native-like DNA structure. It shows that DNA in all percentages of [C 4 bim]Br solution has RMSD smaller than the average RMSD of DNA in an aqueous system (0.290 nm), suggesting that DNA retains its native conformation at 298.15 K, which is in good agreement with the spectroscopic findings (see Experimental verifications in this paper).
Although the average RMSD of DNA increases with increasing temperature, DNA in 75% IL solution shows that RMSD of DNA at 373.15 K is even lower than the RMSD of DNA in an aqueous system at 298.15 K. Interestingly, this result indicated that DNA maintains its native conformation even at high temperatures in . The circles show that the bases in DNA strands located at the head and the tail were the most disturbed by IL molecules in comparison to the bases in the middle of DNA strands. The backbone of DNA consists of phosphate groups with the ability to maintain its helical shape due to the strong electrostatic attraction between ILs' cation and DNA phosphate groups (see Section 3.1.3 for details about electrostatic attraction). Colour schemes are as follows: red, oxygen; magenta, phosphorus; orange, backbone of DNA and gray, DNA bases. The structure of DNA in each IL was taken from the final conformations of a 10 ns MD simulation trajectory. Paper PCCP the presence of a small amount of water, as was observed in proteins. [47] [48] [49] The data corroborated well with the experimental evidence obtained from MacFarlene et al. 9 who reported that DNA is stable and retains its B-conformation in hydrated choline-based ILs. Meanwhile, DNA in 50% (w/w) [C 4 bim]Br solution at 323.15 K shows that RMSD of DNA was lower than RMSD of DNA in water at 298.15 K. As observed, it is clear that the stability of Ct-DNA is mainly dependent on the water content, or more specifically, the properties of hydration shells around DNA. To understand this hypothesis, the distribution of cations on the Ct-DNA surface, picked up at 10 ns, was investigated as illustrated in Fig. 5 . It is evident that populations of cations were not only located near the DNA phosphate groups due to the charge attraction, but also associated with the major groove of DNA. Interestingly, a few [C 4 bim] + ions were also observed in the minor groove as well. This implies that the surrounding cations around the DNA surface entered the major and minor grooves by disrupting the hydration shells and remained bound to the grooves without disturbing the helical structure of DNA. Not surprisingly, the population of [C 4 bim] + was found to be slightly higher in the wider major groove than the narrower minor groove.
It was observed that the hydrocarbon chains of the cation were perpendicular to the surface of DNA and formed hydrophobic interactions with the DNA bases. This observation was supported by the experimental evidence of Ding et al. 33 and Wang et al. 37 who pointed out that hydrophobic interactions formed between hydrocarbon chains of the ILs and DNA bases. Since cations were also detected in both grooves, the hydrogen bonding together with contribution from hydrophobic interactions between cation-grooves might also assist in stabilizing the DNA.
3.1.2 Role of hydration shells. Based on the current work, it is obvious that hydration shells play a vital role in stabilizing or destabilizing DNA and their conformational dynamics. Fig. 6 shows the representative distribution of cations and water molecules in the solvation layers of DNA, defined as a shell of 0.35 nm. The figure clearly illustrates that in 25% and 50% [C 4 bim]Br solution, accumulation of water surrounding the DNA surface is high as compared to cations, thus the arrangement of water molecules forms a strong hydration shell ( Fig. 6A  and B ). In 75% IL solution, [C 4 bim] + cations were able to penetrate the hydration layer and take part in the solvation mechanism ( Fig. 6C) .
At low relative humidity, water does not diffuse freely and mostly located around DNA phosphate groups. 50, 51 In the presence of bulk [C 4 bim]Br molecules, the hydrophobic tail of many [C 4 bim] + cations get stuck in the hydrophobic sugar-rich region via a hydrophobic interaction. This interaction thereby blocks the water passageway across the amine bases. Water has more difficulty in diffusing inside the helical structure and therefore disturbs the amine stacking less. 52 Thus, the disturbing of DNA conformation by water diffusion is reduced. Such a partial dehydration of DNA by [C 4 bim]Br could also prevent hydrolytic reactions such as depurination and deamination. However, upon increasing the percentage of water, many water molecules can cross the hydrophobic sugar-rich region and form ''spine of hydration'', especially in the DNA minor groove. 53, 54 This will cause an increase in the diffusion of water molecules inside the helical structure and disturbs the amine stacking more. As a result, the double helical B-DNA structure changes with the increasing percentage of water (shown in Fig. S1 in ESI †), but retains its native B-conformation.
To further understand the role of hydration shells in DNA stability, the distribution of [C 4 bim]Br and water molecules around the DNA surface was calculated (see Table S1 in ESI †). In 25, 50 and 75% [C 4 bim]Br solutions, on average, 6.6, 9.4 and 13.9 molecules of cations were observed entering the hydration layers and getting involved in DNA solvation, respectively. Anions were virtually absent in the hydration layers with the average being 0.5 in 25% [C 4 bim]Br solution at any temperature. As the temperature is increased from 298.15 to 373.15 K, it was found that 16 and 30 water molecules were removed from the hydration layers by 25 and 50% IL solutions.
However, the average numbers of [C 4 bim]Br ions in the hydration layers remained unchanged with increasing temperature in 25% and 50% solutions, suggesting three possible explanations. First, this implies that incrementing the simulation temperature does not seem to affect the localization of cations around the DNA surface. Second, any interactions between cations and DNA are not broken and are maintained in the hydration layers. Third, the remaining water molecules still formed strong hydration shells, thus preventing other cations to enter and disrupt the well-coordinated hydration layers.
With the increase in the IL concentration, the population of [C 4 bim]Br increases significantly. At high concentration (75% w/w), the average number of [C 4 bim]Br molecules in the solvation layers increases significantly with increasing temperature while the average number of water molecules greatly reduces from 128.5 to 94.5. In 75% IL solution, the hydration shells become weaker. Regarding the arrangement of water molecules or the so-called ''cone of hydration,'' the tetrahedral arrangement in the hydration layers, especially on the surface of DNA phosphate groups, 55 was greatly disturbed by the penetration of ILs' cations. Many [C 4 bim] + cations can compete for binding to the DNA phosphate groups, forming strong electrostatic interactions. The competition might also take place in the DNA major and minor grooves, which are rich with hydrogen donors/acceptors. Fig. 7 shows the penetration of cation molecules into a DNA minor groove in different percentages of [C 4 bim]Br solution.
It can be said that electrostatic interactions in combination with hydrogen bonding help to stabilize the duplex DNA. This finding is in agreement with Korolev et al. 56 that the hydration shells were the main factors for ionic binding to the phosphate groups of DNA, as well as with X-ray studies. 57 Overall, from the data in Table S1 (ESI †), the higher accumulation of cations over anions was observed due to the less available space being filled by cation molecules and the neighbouring cation layers.
The percentage of water molecules stripped from the DNA hydration layers was calculated as a function of time and temperature. As depicted in Fig. 8 , at 298.15 K, cations stripped about 60% of water molecules from the surface of DNA in 75% [C 4 bim]Br solution, averaged over the last 2 ns of the simulations. The percentage of water molecules stripped increased up to 70% when the temperature was increased to 323.15 K. This indicates that increasing the temperature leads to an increased penetration of [C 4 bim]Br molecules into the hydration shells, which replaced the water molecules. However, the percentage of water molecules stripped remained constant at 343.15 and 373.15 K, possibly due to the remaining water molecules that are retained in the deep hydration layers. In 25 and 50% IL solutions, about 30% and 45% of the water molecules were stripped from the hydration shells at any temperature, demonstrating that at low and medium percentages of IL solutions, the hydration shells are strong even at high temperatures.
It is well-known that the double-helical DNA structure melts into an open coil at high temperatures. Prior MD simulations have revealed that the thermal stability of DNA is mainly due to the hydration shells on the DNA surface. Specifically, it is related to the solvent thermodynamics, especially entropy and enthalpy of water. As reported by Auffinger et al. 58 increasing the entropy of water will overcome enthalpy stabilization, leading to a pre-melting of the solvent that facilitates duplex disruption. Generally, entropy of water rapidly increases with increasing temperature. When the water content is high (in 25% [C 4 bim]Br solution), the entropy of water molecules surrounding the duplex DNA, especially the DNA phosphate groups, increases with temperature by reducing the number and strength of the solvent-solute (H 2 O-DNA) interactions.
With further increase in temperature, water molecules lose their cohesion where the solvent-solute interaction is no longer sufficiently strong to stabilize them, thus destabilizing the DNA structure. Referring to Fig. 4 , the RMSD of DNA in hydrated 25% [C 4 bim]Br solution increases dramatically with temperature, indicating that the duplex DNA was not stable and the weakest structural elements of the DNA system start to melt or undergo a helix-to-coil transition upon heating. Conversely, at low water content in 75% [C 4 bim]Br solution, the DNA phosphate group was surrounded and occupied by [C 4 bim] + cations rather than water. Therefore, the increasing entropy of water does not affect the interaction between solvent and solute (in this case, the Paper PCCP population of cations around the DNA surface was higher than water, therefore the major interaction is between [C 4 bim] + cations and DNA) as the ILs have high thermal stability. The cation-DNA interaction was said to be stable and maintained even at higher temperature. Based on the MD data, it was found that 75% IL solution was a suitable medium for stabilizing the duplex DNA structure. This finding is in agreement with experimental work carried out by MacFarlene et al. 9 3.1.3 Binding characteristics of ILs-DNA. To understand the binding pattern of ILs to DNA, we considered the RDF of cations and anions around the DNA surface. The centre of mass RDF (COM-RDF) shows that alkylimidazolium cations in neat ILs interact most frequently with the DNA phosphate backbone groups. The radial distributions of the cations show a preferential localization of the cationic ''head'' group located at 0.5 nm from the DNA phosphate groups (Fig. 9A ) and a complete exclusion of anion's molecules from this region (Fig. 9B) . The average coordination number indicated that there was no significant difference in the cumulative number of each cations around DNA phosphate groups. On average, only one cation was observed in each simulation system within a distance of 0.5 nm from the negative charges of DNA phosphate groups.
The calculated interaction energies between different parts in the simulation systems (Table S2 , ESI †) show that the electrostatic attraction between IL's cations and DNA phosphate groups is more negative compared to the interaction between water and DNA. This confirmed that the electrostatic attraction formed between the IL and DNA has a major contribution to the DNA stability. This discovery is in agreement with our previous research on DNA in ILs 34 and correlates well with the 31 P NMR and FT-IR spectral studies confirming the major electrostatic interactions between the cationic head group of [bmim] + and the phosphate groups of DNA. 31, 33 Further research by Wang et al. 37 reveals that the major The percentage of water molecules stripped from the DNA surface was calculated from the fraction of water present within 0.35 nm located from the DNA surface divided by the initial count of water molecules at the same distance. Data for analysis were taken from the last 2 ns simulation trajectories. contribution to the Gibbs energy for binding of the ILs to DNA also corresponds to the strong electrostatic interaction between the cationic head group of the ILs' cations and DNA. At 50%, high fluctuations were still observed ( Fig. S2B in ESI †). However, the fluctuations of DNA bases in the heads and tails of DNA strands at 343.15 K and 373.15 K were found to be slightly lower than in 25% [C 4 bim]Br, indicating that the opening of base pairs might occur at high temperatures in both solutions (25 and 50%) . In 75% and neat [C 4 bim]Br ( Fig. S2C and D in ESI †), despite the increase in temperature, low fluctuations of DNA bases were still observed, demonstrating the rigidity of the duplex DNA, leading to the assumption that 75% and 100% [C 4 bim]Br solutions might be able to prevent the opening of DNA strands at high temperatures.
To prove the opening of DNA strands, the average of Watson-Crick hydrogen bonds between base pairs was calculated ( Table 2 ). The average number of hydrogen bonds decreased when the temperature increased from 298.15 to 373.15 K. The average number of hydrogen bonds between DNA strands in 75% [C 4 bim]Br solution slightly reduced as compared to DNA in 50 and 25% of [C 4 bim]Br, showing that increasing concentrations of [C 4 bim]Br help to maintain the Watson-Crick hydrogen bonds and prevent the opening of base pairs. This fact can be correlated with the low RMSD value (refer Fig. 4 ), which indicated that the unfolding/denaturation of DNA in ILs is avoided at high temperatures. For DNA in aqueous solution, the average number of hydrogen bonds greatly decreased, indicating the separation of some of the base pairs.
As molecules of ILs have hydrogen bond donors/acceptors, they may be able to engage in inter-hydrogen bonding with the bases of the DNA helix, thus helping to maintain its doublehelix structure. Increasing simulation temperatures from 298.15 to 373.15 K slightly increases the average number of hydrogen bonds for both cations and anions (Table S3 in ESI †). For DNA in a hydrated IL system, increasing the percentage of [C 4 bim]Br leads to an increase in the number of hydrogen bonds. The average number of hydrogen bonds is almost unchanged for the system containing 25 and 50% and slightly increases for the system containing 75% and neat [C 4 bim]Br when the temperature increases from 298.15 K to 373.15 K.
This proved that temperature does not affect the formation of inter-hydrogen bonds between DNA bases and IL's ions. The hydrogen bonds were well preserved at higher temperatures, perhaps due to the thermal stability of ILs. The number of hydrogen bonds formed was found to be two or three times higher between DNA bases and cations than anions. DNA is well known as a poly-anion polymer, thus it is not surprising that the cations are well-distributed than anions on the surface of DNA, thus causing more hydrogen bonding interactions.
Experimental verifications
3.2.1 Fluorescence study. Fluorescence experiments were performed to validate the findings of MD simulations. Generally, the emission intensity of certain molecules such as ligands will increase upon the addition of DNA. The increases in the intensity demonstrate that molecules have an ability to bind with DNA. In this work, the emission intensity of [C 4 bim]Br increased when DNA was added, indicating that there was an interaction between ILs and duplex DNA (Fig. 10 ). As reported, the dominant binding mode is the electrostatic interaction between ILs' cations and DNA phosphate groups. 31, 33, 37 It is possible that ILs also can bind in another mode with DNA, as is the case with other types of molecules. Based on MD simulation results, IL cations were located at the backbone and in both major and minor grooves. With the addition of DNA, cations will bind to the interior, electronegative sites of the grooves. The bases of DNA in the major and minor grooves serve as a protector for nitrogen in the ring of [C 4 bim] + from bulk water molecules, which enhances the emission intensity. Bathochromic shifts are not observed upon the addition of DNA into the [C 4 bim]Br solution. This indicates that intercalation is not the probable binding mode. Generally, bathochromic effects are the result of intercalation of molecules into DNA grooves. Small [C 4 bim] + molecules can enter the grooves easily without altering the DNA structure. The interaction between DNA bases and cations was sufficiently strong to prevent the hydrogen bonding interaction between water and nitrogen in [C 4 bim] + .
Fluorescence quenching of DNA-bound pyrene induced by [C 4 bim]Br was also performed (Fig. 11) . When [C 4 bim]Br was titrated into the solution of DNA-bound pyrene, electrostatic interactions occur between cations and DNA phosphate groups, which can also occur inside the grooves. As reported by Pullman et al. 59 the negative charge of DNA is greater in the A-T minor grooves rather than in the major grooves. It is well known that there are intercalations of pyrene with DNA bases at the grooves. The resulting electrostatic interaction leaves an insufficient space for pyrene as [C 4 bim]Br is able to compete with pyrene to bind with DNA. Pyrene is gradually released from the grooves into bulk water when [C 4 bim]Br is added, therefore an increase in the emission intensity of free pyrene was observed. The increase in the fluorescence emission of pyrene indicates that the interaction between ILs' cations and DNA was adequately strong to displace the intercalation of pyrene in duplex DNA.
3.2.2 Circular dichroism spectra. The spectra of the secondary structure of Ct-DNA in the presence of different percentages of [C 4 bim]Br were recorded using circular dichroism. As shown in Fig. 12 , the characteristic positive band at around 278 nm corresponding to p-p base packing and a shortwave, negative band at 243 nm corresponding to helicity were present in all systems at 25 1C. Both positive and negative bands confirmed the presence of B-form duplex DNA. 60 The CD spectra of Ct-DNA in different percentages of [C 4 bim]Br show a shape similar to that of pure DNA in deionized water at 25 1C, indicating that the duplex B-conformation DNA retains its shape in hydrated [C 4 bim]Br despite the high salt concentration.
Upon the addition of [C 4 bim]Br, magnitudes of the positive band remained constant, but there was a slight decrease in the negative band, which may be due to the strong interactions of ILs' cations with Ct-DNA, which could lead to a transition from the extended double helix to the more compact form known as the C structure. 61 The absence of any induced signal in the spectra of Ct-DNA with the addition of [C 4 bim]Br indicates that an IL is not an intercalator. Intercalation usually induces the magnitude of positive and negative bands of DNA. 62 Based on the experimental data available, it was concluded that ILs, especially those based on alkylimidazolium cations do not intercalate with the bases of duplex DNA, but bind to DNA bases through groove binding and hydrophobic interactions. These bindings and major electrostatic interactions help to stabilize DNA and retain its duplex conformation in neat and hydrated ILs.
Conclusion
The structural stability of DNA in ILs was discussed on the basis of results obtained from MD simulations and experimental evidence. The effect of ILs, in particular, cations on the stability of DNA was studied in the presence of neat and hydrated ILs. The DNA conformation was found closer to its native structure in the presence of hydrated ILs at low water percentages and the stability of the duplex DNA mainly depends on the hydration shells at the surface of the DNA. A further study revealed that the entropy of water was found to play an important role in destabilizing the double helical DNA structure. However, this phenomenon was not observed in high percentage solution of ILs (75% [C 4 bim]Br). Low root mean square deviation (RMSD) of DNA was observed in this solution at high temperatures up to 373.15 K, which indicated that ILs are also able to stabilize and maintain the native B-conformation DNA at high 
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Phys. Chem. Chem. Phys., 2014, 16, 14036--14046 | 14045 temperature. It was found that the dominant interaction for stabilizing the Ct-DNA was the electrostatic attraction between the head charge group of cations and the DNA phosphate groups. All the MD simulation results were in agreement with experimental evidence.
